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I . INTRODUCTION 


Since  the  discovery  of  the  TRAPATT  mode  of  operation  many 
investigators  have  attempted  to  develop  broad-band  TRAPATT  amplifiers. 
Gibbons  and  Grace1  constructed  an  X-band  amplifier  having  a saturated 
power  output  of  19  W,  7 dB  gain  and  29  percent  efficiency  at  8.6  GHz. 
The  device  was  tested  in  an  X-band  reflection  type  amplifier  circuit 
operating  at  a duty  factor  of  less  than  1 percent  and  a bias  pulse 
width  of  0.2  ps.  Cox  et  al.2  developed  a TRAPATT  amplifier  operating 
between  8 and  8.5  GHz  with  peak  power  output  as  high  as  31*  W and  12 
to  16  percent  efficiency.  Fong  and  Ying*  use!  both  n-type  and  p-type 
TRAPATT  diodes  in  a coaxial  air-line  circuit  employing  an  impedance 
transformer  close  to  the  diode  and  two  tuning  slugs.  For  the  n-type 
TRAPATT  operating  at  5 GHz  the  peak  power  was  typically  18  to  25  W, 
the  gain  5 to  7 dB,  the  dc-RF  efficiency  25  to  10  percent  and  the 
3-dB  bandwidth  was  3 to  5 percent.  The  comparable  results  for  the 
p-type  TRAPATT  amplifier  operating  at  8.71  GHz  was  2 to  U W,  U to  9 
dB  gain,  18.5  percent  efficiency  and  2 to  7 percent  bandwidth. 
Additional  work  by  Fong  et  al.4  using  a fix-tuned  MIC  amplifier  cir- 
cuit resulted  in  approximately  90  W,  5 dB  gain,  20  percent  efficiency 
and  a 3-dB  bandwidth  of  17  percent.  It  should  be  emphasized  that 
these  results  were  obtained  without  the  benefit  of  any  tuning. 

However,  considerable  work  was  devoted  to  characterizing  the  circuit, 
using  a network  analyzer,  and  to  circ- 1*  modeling  with  the  aid  of 
a computer.  It  was  evident  from  thes<.  esults,  as  well  as  from  the 
work  of  others,  that  the  circuit  is  the  dominating  factor  in  TRAPATT 


operation  whether  it  he  as  an  oscillator  or  as.  an  .amplifier. 
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Curtice  et  al . s utilized  the  second-harmonic-extraction  approach 
to  develop  an  X-band  TRAPATT  amplifier.  They  designed  the  device  such 
that  the  RF  input  and  output  signals  were  twice  the  TRAPATT  funda- 
mental frequency.  Typical  results  for  their  amplifier  were  10  to  12 
W,  6 dB  gain,  10  percent  efficiency  and  a 200  MHz  bandwidth  at 
approximately  8 GHz. 

There  have  been  numerous  other  recent  investigations  on  TRAPATT 
amplifiers  but  in  every  case  one  of  the  major  obstacles  has  been  the 
inability  to  create  a broad-band  amplifier.  Progress  has  been  made 
but  the  problems  are  far  from  being  resolved.  The  purpose  of  this 
program  was  to  determine  theoretically  and  experimental ly  the  circuit 
characteristics  needed  to  achieve  broadband  amplification  with  TRAPATT 
diodes.  The  investigation  was  divided  into  three  main  steps: 

1.  Theoretical  determination  using  computer  simulation  of  the 
required  real  and  imaginary  parts  as  a function  of  frequency  for  the 
amplifier  circuit. 

2.  Synthesis  of  amplifier  circuits,  if  realizable,  which  would 
match  the  required  circuit  characteristics . 

3.  Construction  and  testing  of  the  circuit  designs  obtained  in  2. 

II.  DETERMINATION  OF  CIRCUIT  CHARACTERISTICS 
To  model  the  TRAPATT  device,  a computer  simulation  program 
developed  by  Paul  Bauhahn  of  the  Electron  Physics  -laboratory  was  used.1' 

The  numerical  method  is  explicit  in  the  drift  current  and  half  implicit 
in  the  diffusion  current.  The  method  begins  by  assuming  that  n and  p 
(electron  and  hole  densities),  JN  and  JP  (electron  ind  hole  currents) 
and  E (electric  field)  are  known  throughout  the  diode  at  one  parti- 
cular time.  Also,  the  terminal  voltage,  , which  exists  across  the 

^ » - . a 


-3- 


diode  at  the  next  time  step  is  specified.  Given  this  information,  the 
simulation  calculates  the  diode  current  at  the  next  time  step.  The 
actual  sequence  of  steps  implemented  by  (die  program  is  as  follows: 


1.  p and  n are  calculated  at  the  next  time  step  using  the 
equations 


1 3JP 
q 3x 


1 3JN 
q 3x 


where  G is  the  generation  due  to  avalanche  multiplication. 

2.  The  electric  field  E is  calculated  at  the  next  time  step  from 
Poisson's  equation  (once  n and  p are  determined) 


3E  _ £ 


(p  - n + N - P) 


The  electric  field  must  also  satisfy  the  equation 


where  N and  P represent  the  doping  densities  and  , respectively, 
and  W the  length  of  the  diode. 

3.  The  currents  JN  and  JP  at  the  next  time  step  are  calculated 
from  the  equations 


qp  nE  + qD  — 
n n 3x 


qp  pE  - qD 
p^  ^ p 3x 


/ 
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4.  The  terminal  current  (not  including  the  displacement  component) 
is  calculated  from 


T 


1 

W 


W 


(JN  + JP)  dx  . 


(7) 


At  this  point  the  cycle  is  repeated,  the  terminal  voltage  for  the 
next  time  step  (two  steps  ahead  of  the  starting  time)  is  specified,  and 
the  current  for  this  time  step  is  again  calculated. 

The  above  simulation  is  a voltage-driven  scheme;  i.e.,  the  diode 
terminal  voltage  is  specified  as  a function  of  time  and  the  resulting 
diode  current  is  calculated  as  a function  of  time.  However,  the  program 
can  also  be  used  with  a current  drive.  In  this  case  JDRIVE(t)  is  the 
driving  current  at  a particular  time  t,  while  JT(t)  is  the  terminal 
current  less  the  displacement  component  as  calculated  in  4.  The  difference 
in  these  quantities  yields  the  displacement  current  so  that  the  voltage 


Vrp  at  the  next  time  step  becomes 


VT(t  + At)  * VT(t)  + ^ [JDRIVE(t)  - JT ( t ) ] , (8) 

d 


where  C,  is  the  diode  capacitance  e/W  plus  any  additional  capacitance 
d 


which  might  be  in  parallel  with  the  diode. 

Whether  a current  drive  or  a voltage  drive  is  used  for  the 
TRAPATT  cycle,  two  major  problems  arise,  that  of  convergence  and  that 
of  realizability.  For  example,  if  a periodic  current  drive  is  applied 
to  the  device,  the  resulting  voltage  waveform  should  also  be  periodic. 
In  fact  the  state  of  the  diode  at  time  t should  be  identical  in  all 
respects  to  the  stete  of  the  diode  at  times  t + nT,  where  T is  the 


current  period  ana  n is  any  integer.  The  problem  of  convergence  is  a 


difficult  one  for  TRAPATT  operation  because  avalanche  multiplication 
is  a random  process  which  tends  to  work  a/iainst  any  periodicity  of  the 
solution. 

Even  after  convergence  has  been  obtained,  the  solution  may  not 

be  realizable,  i.e.,  a Fourier  analysis  of  the  resulting  voltage  and 

current  waveforms  may  not  yield  a negative  resistance  at  all  harmonic 

frequencies  considered.  This  is  the  case  for  the  idealized  step  current 

7 8 

waveforms  that  have  been  used  in  some  previous  TRAPATT  analyses.  ’ 

A number  of  different  techniques  have  been  formulated  to  bring 
about  convergence  in  the  TRAPATT  cycle.  These  techniques  use  either  a 
current-driven  or  a voltage-driven  scheme.  The  general  current  drive 
waveform  used  in  the  simulations  described  in  this  report  is  shown  in  Fig.  1. 
The  amplitudes  of  the  various  sections,  Al,  A2  and  A3,  and  the  angles  of  the 
segments  connecting  the  constant  amplitude  sections,  0^,  0?  and  0^,  are  all 
variable  parameters.  Once  these  parameters  have  been  set,  the  times 
t1  - t5  are  determined  during  a preliminary  simulation  to  guarantee  that 
the  voltage  recovers  at  tr  approximately  to  its  initial  value  at  t = 0. 

A3  is  low  (-100  A/cm2)  so  that  the  voltage  does  not  change  significantly 
between  t5  and  T. 

An  example  of  a converged  solution  using  this  type  of  current 
drive  is  shown  in  Fig.  2.  The  voltage  and  current  waveforms  were 
Fourier  analyzed  to  obtain  the  diode  impedance  and  power  generated  at 
the  first  five  harmonics;  the  results  are  given  in  Table  1,  where  F is 
frequency  in  liliz,  PRF  is  power  generated  in  W/cm2,  EFF  is  the  efficiency 
in  percent,  G and  B are  the  real  and  imaginary  parts  of  the  admittance 
in  mhos/cm’,  and  H and  X are  the  corresponding  impedance  components  in  U/cm2. 
VTAMT,  VTA NO,  JIAMP  and  JIANG  describe  the  amplitudes  and  phases  of  the  Fourier 


CURRENT-DRIVE  WAVEFORM  SHOWING  VARIABLE  PARAMETERS. 


TERMINAL  VOLTAGE  (Volts 


FIG.  2 CURRENT  DRIVE  AND  RESULTING  VOLTAGE  FOR  A CONVERGED  SOLUTION. 
(Si,  500°K,  f = 3.1  GHz) 


DRIVING  CURRENT  (Kiloomps/cm 


Table  1 


Fourier  Analysis  of  Fig.  2. 


J DC=  C . 6 7 2E+0  4 VDC-  0.632GO2  PDC=  0.3r>8EO6 

I-  1 F=  3.13  PH  F=  9. 44 5 7 E* 9 4 Lr F-  26.39 

G=  -4. 8629 13+0?  B=  -2.5226K02  3 = -1.6204E-03  X 8.4058F-C4 

VTAMP=  19.71  VTANG=  164.39  JIAMP= 1 1068. 5352  JIANG=  20.53 

1=  2 F~  6.27  P!!F=  1. 81528+04  EFF=  5.07 

(J*  -1. 452313*0 2 B=  -3.6832E+02  B-  -9.  2650E-04  X-  2.  3497E-03 
V T A W P = 15.31  VTAN0=  58.19  JIAMP-  9362.3281  JLANJ=  -46.00 

1 = 3 f=  0.40  PHF=  -9. 75558*03  2FF=  -2.73 

G=  2.0161  K+C 2 3~-  -J.9226E+02  R=  1.G3C5E-03  2.0166E-03 


V I A M l = 9.04  V'TA’i  3=  -23.  84  JlAflP-  7174.4844  .1IAN<;  = -97.79 

I-  4 F--  12.54  PRF  = -3 . 8326  E + 03  EFF=  -1.07 

G=  2 . 6 5322+0  2 3=  -7.9601E+02  P=  3.774  1E--4  X*  1.1  302R-C3 

VTARP=  5.17  VTAN«;=  -64.13  J L AMP*  6639.4806  JIANG=  -141.72 

I--  5 F-  15.67  PRF=  3.206GE+02  EFF=  0.C9 

■3=  -1 . B673E+0 1 8=  -6.  3094E  + 02  3=  -4.024  1L-U5  X = 1,46752-0 3 

VTAMP-  5.85  VTA!ii=  - 10  3.  26  JIAMP=  7C05.25GC  JIANG--  165.85 

EXECUTION  TOP  Mi  NAT  ED 


BEST  AVAIIABIFCOPY 


... 
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Table  2 

Fourier  Analysis  of  One-Cycle  Simulation 
Using  Current  Drive  of  Fig.  2. 


JDC=  0.  688E*-04  VDC=  0.5308*02  Pl)C=  0.364E+06 
1=  1 F-  3.13  PRF=  9.7827E+94  EFF=  26.84 

G = -4. 5093E+-C2  8=  -2. 79322*32  R=  - 1 . 6C27S-G3  X.~-  9.9277E-04 

VTAMP*  20.83  VTANG*  161.86  JIAM P= 1 23 1 2 . 9297  J I A NU=  22.14 

1=  2 F-  6.27  PRF=  1.8411E*04  EFF=  5.05 

G-  - 1 . 3 4 5 9 E * 0 2 3=  -3.4525  8*0  2 fi=  -9.6015E-0  4 X = 2.514  32-0  3 

VT  Ai1P=  16.54  V T A N G = 63.  82  JIAMP*  9381.9180  J I \NG  = -39.90 

l-  3 ?=  9.40  ?RF=  -3.90 45 E*0 3 EFF=  -2.44 

G=  2.0227E+02  3=  -4.1155E*02  R=  •9.6  1398-04  X=  1.9571E-CJ 

VTA!1P=  9.38  VTANG=  -12.30  .11  AIT*  70  19.0469  J[AN9=  -86.61 

1=  4 F=  12.54  ?PF=  -1.6390E* 03  EFP  = -3.44 

G=  1.08518*02  D=  -H.  3079  2*0  2 H=  1.545  98-04  1.  1835E-0J 

VTAf1P=  5.45  VTANG*  -41.79  JIA.HP=  6790.9492  JIANG*  -126.74 

1=  5 P-  13.67  PRF=  1.2612E*03  EFF=  0.35 

G=  -6 . 6422E  + G 1 3=  -6.53272*02  li  = -1.5405E-04  1.5151B-C3 

V T A M P = 6.16  V T A *1 G * -84.16  JIAHP*  7207.  1758  JIANG*  -177.42 


TOTAL  CURRENT  (A/cr 


FIG. 


TIME  (2.855  x IO_,2sec) 


DISTORTION  OF  TERMINAL  CURRENT  WAVEFORM  PRODUCED  BY  A VOLTAGE- 


DRIVEN  SCHEME. 
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started  using  a current-driven  scheme,  where  the  initial  cur re  it  drive 
is  the  step  waveform  (with  finite  rise  and  fall  times)  shown  in  the 
figure.  The  voltage  waveform  resulting  from  this  current  drive  was 
stored  and  used  in  successive  iterations  as  the  voltage  drive.  The 
current  resulting  from  this  voltage  drive  for  the  converged  solutions  is 
also  shown  in  the  figure  and  is  seen  to  differ  from  the  initial  current 
drive.  This  is  because  the  stored  voltage  waveform  is  an  approximation 
of  the  actual  voltage,  i.e.,  it  is  composed  of  line  segments  connecting 
the  array  storage  points.  Because  the  diode  is  so  sensitive  to  voltage 
variations  (especially  changes  in  slope  that  affect  calculation  of  the 
displacement  current),  the  error  introduced  by  this  representation  is 
sufficient  to  distort  the  current  waveform.  The  current  spike  at  the 
end  of  the  cycle  is  due  to  the  discontinuity  between  the  initial  and 
final  values  of  the  voltage  drive.  If  the  voltage  drive  is  modified 
so  that  the  discontinuity  is  made  more  gradual,  (hen  the  resulting  total 
current  will  differ  from  the  original  current  drive  over  a correspond- 
ingly larger  portion  of  the  cycle. 

Table  3 shows  a Fourier  analysis  of  the  final  converged  solution 
for  this  case.  Table  4 shows  the  Fourier  analysis  of  the  first  cycle 
of  simulation  for  which  the  stepped  current  drive  was  used.  Again, 
good  agreement  is  observed  up  to  the  tiilru  harmonic;  however, 
these  waveforms  are  unrealistic  at  the  thi rd  harmonic  because  the 
real  part  of  the  impedance  at  the  third  harmonic  is  positive. 

On  the  basis  of  the  above  information  it  was  decided  o de.  ign 
the  amplifier  using  only  t He  first  three  harmonics.  The  resdts  indi- 
cated that  good  character i ration  of  the  diode  c<>uld  be  obtain- -d  using 


a one  cycle  simulation  at  these  frequencies.  Th  leciion  v s.  als. 


Table  3 


Fourier  Analysis  of  Converged  Solution  of  Fig.  3. 


G*  -5.6048E«-02  B=  -2.424 7E  + Q2  -1.5029F-03  X=  6.5018E-04 

• VTAMP*  20.12  VTANG=  162.29  J ! AMP=13374. 7813  JIANG*  14.82 


2 7*00  7RF-  t. 

-l.2013E*C2  ft*  -2.51 


'8  6*04  EFF*  4.34 
‘♦ft2  R*  -1.5466E-03  X* 


iwt»yy7t.'30 — \mmtr 


1=  3 F=  1C. 51  PRF  = -9.3372E+03  FF  F = -2.25 


— 0=  3.0I99P+C2 — ft*  -‘•3.60WF+02 — IT= — 1.  SSSbE-^ 

VT  AMP*  7.86  VTANG*  -5.27  JIAMP*  6033.7266 

T* 1.  6303E*t03 

JIANG*  -72.09 

— r=— 4 — >■=  14.01 — PPF*  -Tr3TT574tn?  EFF-  -FT70T 

G=  5.6273T  C 0 B=  -6.4078F+C2  R*  1.37C4F-05 
VTAMP*  6.88  VTANG*  -24.53  JIAMP^  7570.8750 

X=  1.56C5E-03 
JIANG*  -114.24 

!=* 
G * 

5 F=  17.51  PRF*  -8.9120E402  EFF-  C.22 

3.7491E+01  B=  ~5.l80*E+02  R = 1.389ME-04 

X*  1.9202E-03 

— YTl 

S'NF—  6.59  jiA8P-  75Jv.4l4l 
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Table  U 

Fourier  Analysis  of  One-Cycle  Simulation  Using 
Initial  Current  Drive  of  Fig.  3. 


- 4Ct«  — o . agTg+o* — roc* — qi9tty<Kr  roc* — o.;5  35t»05 

I-  I F*  3,5C  P«F»  l.I f94C«bs  EFP*  26.95 
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VTAt*P=  6.90  2T  ANG=  -24.94  J!A-^>-  7852.6133  JIANG*  -lib. 19 

»■  -5 — F»  17.31 — FgF* 3.qWq»»01 FFF* CStTl 

«*  -2,34 91 €+00  ft*  -5.44f#e*C2  -7.9224E-06  Up  1.-8364S-03 

b.  t5  VTAHG*  -82*61  4 1 AMP-  7776.925*  £ 
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motivated  by  the  fact  that  RCA  has  successfully  designed  e TRAPATT 

9 

oscillator  using  a three  harmonic  design  approacli. 

However,  before  useful  design  criteria  can  be  determined,  the 
diode  must  be  characterized  over  the  entire  design  frequency  band  of 
the  amplifier,  ranging  from  the  low  end  of  the  fundamental  band  to  the 
high  end  of  the  third  harmonic  band.  To  obtain  this  characterization, 
the  diode  must  be  driven  in  such  a way  that  negative  resistance  is 


exhibited  at  least  for  the  first  three  harmonics. 

One  current  drive  which  does  give  negative  resistance  is  shown 
in  Fig.  U,  along  with  the  resulting  voltage.  The  driving  current  is 
triangular  shaped  and  reaches  its  peak  when  the  voltage  is  low.  A 
Fourier  analysis  of  this  one  cycle  simulation  is  given  in  Table  5-  It 
is  seen  that  negative  resistance  is  exhibited  for  the  first  five 
harmonics.  By  making  the  initial  rise  of  the  current  drive  steeper, 
higher  fundamental  efficiency  can  be  obtained;  the  maximum  efficiency 
thus  obtained  was  about  30  percent.  This  driving  current  is  similar 


to  that  experimentally  observed  by  Snapp10as  illc  ►-ated  in  Fig.  5 • 

A series  of  such  results  were  obtained  for  different  frequencies 
and  for  different  values  of  capacitance  directly  in  parallel  with  the 
diode.  Knowing  the  diode  impedance  characteristics  over  a frequency 
band  and  the  required  gain,  the  external  circuit  requirements  could  be 
determined.  The  type  of  circuit  used  is  illustrated  in  Fig.  6. 

The  power  gain  of  such  a reflection  amplifier  is  given  by 


Y - 7* 
_D 

Yrs  * Ym 
D N 


where  is  the  diode  admittance  (obtained  from  inalyses  like  the  one 


VOLTAGE  (Volte) 


0 10  20  30  40  50  60  70  80  90  100 

TIME  ( 2.507  xIO-12  sec) 


FIG.  k CURRENT  DRIVE  AND  RESULTING  VOLTAGE  FOR  A ONE-CYCLE  SIMULATION 
THAT  EXHIBITS  NEGATIVE  RESISTANCE  AT  FIVE  HARMONICS. 


Table  5 

Fourier  Analysis  of  One-Cycle  Simulation 
of  Fig.  U. 
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FIG.  5 TRAPPED-PLASMA  MODE  WAVEFORMS  FOR  DIODE  B OSCILLATING  AT 

f = 0.9  GHz  WITH  n = U8  PERCENT.10 
1 1 


a 


shown  in  Fig.  U)  and  is  the  admittance  of  the  lossless  coupling 
network  terminated  in  the  load  resistance.  For  a desired  gain,  if  Yf 
is  known  for  a particular  frequency,  then  a suitable  Y;J  can  be  deter- 
mined by  solving  the  above  equation.  This  specifies  the  circuit  in  the 
fundamental  frequency  band  where  amplification  occurs.  In  the  second 
and  third  harmonic  bands,  the  oscillation  conditions  must  be  satisfied, 
i.e.,  Yjj  = - Yp  everywhere. 

An  example  of  the  required  circuit  impedance  Z„^  thus  obtained  is 

given  in  Fig.  7.  The  fundamental  band  (solid)  extends  from  1)  to  6.5  GHz, 

the  second  harmonic  band  (dotted)  from  8 to  13  GHz,  and  the  third  harmonic 

band  (solid)  from  12  to  19.5  GHz,  The  area  of  the  diode  is  assumed  to  be 

10-4  cm2.  The  added  capacitance  in  parallel  with  the  diode  is  0.38  pF. 

P'or  each  simulation  throughout  the  frequency  band,  a Fourier 
analysis  of  the  resulting  voltage  and  current  was  performed,  like 
the  analysis  shown  in  Table  5*  The  fundamentai  power  generated  by 
the  diode  is  given  in  Watts/cm2  by  PRF,  where  PRF  = (-1/2 ) ( VTAMP ) 

( J1AMP ) cos  (VTANG  - JIANG).  To  find  the  actual  power  generated,  PRF 
is  multiplied  by  the  diode  area.  The  fundamental  output  power  vs. 

frequency  calculated  in  this  manner  for  the  amplifier  is  illustrated 

- + + 

in  Fig.  o.  The  diode  is  a p nn  structure  with  a 2-pm  n layer,  with 
n = 8 x 10 15  cm-2.  The  maximum  power  gain  occurs  at  5 GHz  and  is  15  dB. 
The  maximum  fundamental  efficiency  of  28.3  percent  occurs  at,  1) . 5 GHz. 

Figure  9 shows  the  impedance  vs.  frequency  characteristics  for 
the  coaxial  oscillator  circuit  used  by  Snapp.1'1  Comparison  with  Fig.  7 
points  cut,  some  important  qualitative  di  (Terences  between  oscillator 
and  amplifier  design.  The  wide  variation.-  in  impedance  of  Fig.  11 
ensure  that  the  circuit  can  be  tuned  to  present  the  most  favorable 


REQUIRED  CIRCUIT  IMPEDANCE  FOR  THE  FIRST  THREE  HARMONIC  FREQUENCY 


MENTAL  POWER  VS.  FREQUENCY  FOR  THE  AMPLIFIER  OF  FIG. 


MtOUtNCV  (OHJ) 


FIG.  9 LOAD  IMPEDANCE  VS.  FREQUENCY  FOR  DIODE  B OSCILLATING  IN 

TRAFPED-PLASMA  MODE  AT  f =2.35  GHz  WITH  = 37  PERCENT. 

1 1 

(THREE  10.2  GHz  TUNING  SLEEVES  — Z = Z = Z = 11.3  K, 

Sl  S2  S3 

X = 5.10  cm,  X2  = 0.51*3  cm,  X3  = 0.61*2  cm)10 


impedance  at  a set  of  fixed  frequencies  f - fr ; however,  when  simultan- 


eous operation  over  the  entire  frequency  band  is  envisioned,  it  is  seen 


that  these  wide  variations  tend  to  prohibit  wideband  operation.  The 


in  Fig.  7 indicate  that  the  real  and  imaginary 


circuit  characteristic 


parts  should  not  vary  considerably  over  the  fundamental  and  second 


harmonic  band: 


of  the  third  harmonic  band 


that  resonant  behavior  is  exhibited.  As  yet,  the  importance  of  tli 


shape  of  R and  X in  the  third  harmonic  band  is  now  known,  but  it  is 


probably  less  important  than  the  first  two  bands  because  the  least  ; over 


generated  at  the  third  harmonic 


The  next  step  in  the  investigation  was  to  develop  a circuit  which 


similar  to  those  of  Fig.  J.  This  is  discussed 


in  the  following  section 


III.  SYNTHESIS  OF  CIRCUIT  CHARACTERISTICS 


The  objective  of  this  phase  of  the  investigation  was  to  determine 


the  type  of  lossless  network  which  would  lead  to  a close  approximation 


of  the  impedance  characteristics  of  Fig.  7-  It.  was  also  considered  de- 


irable  to  include  some  provisions  for  tuning  in  the  circuit  design 


ince  there  was  no  way  of  knowing  how  closely  the  requirements  of  an 


actual  diode  would  match  the  specifications  indicated  in  Fig 


an  be  stated  that  a circuit  of  the  type  illustrated  in  Fig 


tiie  imaginary  part  of  the  impedance  is  Just  t,h<  mpedur 


uid  it,  is  well  known  from  F’o 


■1 


" 0 (10) 

for  a lossless  network.  However,  it  is  reaiily  apparent  from  ?'ig.  7 that 
3x/3u)  < 0 for  most  of  the  frequency  range  thus  vi  Lating  Foster's 
reactance  theorem. 

A circuit  which  reasonably  approximates  the  real  part  of  Fig.  7 
is  a stepped  impedance  transformer  whose  section  length  reaches  hal f 
wavelength  where  the  real  part  of  Fig.  7 reaches  its  maximum.  The 
transformer  would  be  matched  to  about  10  fi  throughout  the  fundamental 
and  second  harmonic  bands,  and  the  real  part  would  increase  to  th>- 
value  of  the  load  resistance  at  the  half- wavelength  frequency.  Although 
standard  transformer  designs  were  investigated,  if  was  found  that  the 
behavior  of  the  imaginary  part  of  the  impedance  for  the  transformer  was 
not  a good  approximation  to  that  of  Fig.  7-  In  fact,  in  the  vicinity 
of  the  half  wavelength  frequency  the  imaginary  part  reaches  a positive 
maximum  rather  than  the  required  minimum  impedance.  Furthermore,  from 
Foster's  reactance  theorem  it  is  seen  that  there  does  not  exist  a series 
lossless  network  which  can  be  placed  between  the  transformer  and  the 
diode  to  give  the  correct  imaginary  part. 

Computer-aided  design  techniques  were  used  to  synthesize  the 

required  impedance.  The  circuit  consisted  of  a stepped  line  of  N 

sections  as  illustrated  in  Fig.  11.  The  objective  was  to  determine  the 

characteristic  impedances  and  section  lengths,  (,!'  ,...,7,,)  and 

1 N 

(lj,...,!^)  so  that  Zjj(jai)  would  approximate  the  impedance  of  Fig.  7 
as  closely  as  possible.  If  the  following  error  function  is  formed. 


T 
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whe  re  Z (ju)  is  the  impedance  of  Fig.  7 specified  at  discrete  frequencies 

(w  »w  , ...,iii,TI,nm),  and  where  p is  a positive  integer,  then  the  problem 
1 2 JN-PKility 

of  synthesizing  Z^  (,)(*>)  becomes  equivalent  to  finding  (Z  ,...,Z^)  and 
(lj,...,!^)  such  that  E is  minimized. 

The  algorithm  used  to  generate  the  solution  presented  here  is  one 
of  the  Fletcher-Powell  minimization  schemes.  The  minimization  program 
was  written  by  Prof.  Calahan  of  The  University  of  Michigan.  This  method 
requires  calculation  of  the  partial  derivatives  of  E with  respect  to  the 
optimizing  parameters,  which  are  easily  obtained  from  one  net. work 
calculation  using  the  methods  described  by  handler.11  This  program  was 
found  to  be  very  effective,  especially  in  problems  when  the  initial 
values  of  the  optimizing  parameters  are  far  from  the  values  at  the  error- 
function  minimum. 

First  a series  of  minimizations  for  di f f< -rent  valuer  of  N wo 
carried  out  to  determine  the  circuit  complexity  r-  )uired.  N wa.s  chosen 
so  that  was  reasonably  close  to  Z(.(jto),  and  the  improvement 

obtained  by  using  an  (N  + l)  section  circuit  instead  of  an  N-secti  t. 
circuit  war  minor.  It  was  found  that  N = 8 sections  fulfilled  there 
requ  remen ts,  at  least  in  the  fundamental  and  second  harmonic  frequency 
bands.  It  was  hoped  that,  since  little  powt  ir  generated  at  the  third 
harmonic,  the  mismatch  between  Zg(jw)  and  Z^(Joj)  in  this  band  would  not 
impair  the  amplifier  performance.  Figure  !.  h wv  the  best  '.  { Jw) 
obtained  for  an  8-section  stepped  line.  Z,,(,iui)  for  a li  le  with  a 
f'-pm  N layer  and  area  of  2 x i0“4  cm*1  is  also  r.n  >wn.  Nol.e  that  ttie 
agreement  is  quite  good  in  the  3 to  8 (»Hz  range  for  botl  t.he  real  and 
imaginary  parts. 

In  thin  minimization  procedure,  it  is  en'  f 'ly  possible  timt  the 


circuit  paivimeters  at  the  error  function  minimum  will  turn  out  to  be 


IMPEDANCE, 


FREQUENCY,  GHz 


FIG.  12  OPTIMIZED  IMPEDANCE  OF  AN  8-SECTION  LINE.  (DIODE  AKEA 
2 x 10“4  cm2:  ADDED  CAPACITAl'iCE  IN  PARALLEL  WITH  DIODE 
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unrealizable.  For  example,  one  or  more  of  the  Z's  or  2's  at  the  solution 
point  could  turn  out  to  be  negative.  For  the  circuit  of  Fig.  12  the 
parameters  were  all  positive,  but  the  values  for  the  first  section, 

Z = 0.07^9  and  2.^  = 1.12  x 10~5  m,  are  both  too  small  to  be  realized 
in  a practical  stepped  coaxial  line.  However,  the  fact  that  the  length 
is  so  small  suggests  that  the  first  section  can  be  realized  as.  a lumped 
element.  The  ABCD  matrix  for  a single  section  of  lossless  line  of 
length  2 and  characteristic  impedance  Z is  give!)  by 


A 

B 

cos  (32)  JZ  sin  (32) 

C 

D 

■J  8i°  cos  (mi 

where  3 = 2tt/A.  If  2 is  very  small  compared  to  the  wavelength  A,  then 
sin  (32)  s 32  and  cos  (32)  « 1.  With  these  changes  the  B term  becomes 
jZ(g2),  and  since  Z and  32  are  very  small,  this  term  may  be  neglected. 
Using  these  approximations,  the  matrix  becomes 


A 

B 

1 

0 

1 

0 

C 

D 

AM 

z 

m2 

jZv 
u c 

1 

where  v^  is  the  velocity  of  light.  However,  Eq.  1 ir  Just  the  ABC1 1 
matrix  of  a shunt  capacitor  with  a capacitance  of  ^/Zv^  farads.  This 
suggests  that  the  amplifier  circuit  should  present  a shunt  - i puei t.ance 
at  the  diode  terminals  of  approximately  1.9  pF.  Also,  in  the  iiode 
computer  .simulation  it  was  assumed  that  an  added  •apac l t.ance  ! . pF 

exlst<  t -it  the  chip  terminals.  Thus  the  circuit  should  provide  a 1 tal 
added  capacitance  of  approximately  2.3  pF. 
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Figure  13  shows  the  resulting  circuit;  Table  6 presents  the 
characteristic  impedances  and  lengths  of  the  sections  and  also  the 
final  error  function  gradients  at  the  error  function  minimum  point. 
The  meaning  of  these  gradients  can  be  understood  referring  to  Eq.  11 
for  E(Z  and  1 1 , . . . , Iq ) . For  this  particular  minimization  p 

was  set  to  2,  and 


GHAD(Zi)  =.  — , 

1 

gradU.)  = . (i).) 


Therefore  the  gradients  are  a measure  of  how  much  the  error 
function  E will  change  if  a single  parameter  is  varied.  It  is  seen 
from  Table  6 that  variation  of  or  Z ^ , or  equivalently,  variation  of 
the  shunt  capacitance  at  the  circuit  input,  will  produce  a change  in  E 
much  larger  than  a corresponding  variation  in  any  of  the  other  parameters 
would  produce.  This  suggests  that  tuning  of  the  amplifier  circuit  can 
best  be  accomplished  by  varying  the  shunt  capaci Lance . 

Figure  lU  shows  the  effect  on  Z^(Joj)  of  decreasing  the  shunt 
capacitance  from  1.83  to  0.69  pF.  Comparison  with  Fig.  12  shows  that 
decreasing  the  capacitance  tends  to  make  both  the  real  and  imaginary 
parts  of  Z^(jw)  more  positive.  Figure  IS  shows  the  effect  of  increasing 
the  shunt  capacitance  from  1.83  to  2.5  pF.  Comparison  shows  that  the 
effect  is  mostly  to  lower  the  real  part  of  (Ju>)  in  the  second  and 
third  harmonic  bands. 


f 
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1 


Table  6 


Circuit  Parameters  and  Gradients  at  the  Error  Function  Minimum. 


i 

Z.  (ft) 

1 

GRAD (Z^ 

) 

JL 

1 

(m) 

GRAD  ( l . ) 
l 

1 

7.49xl0"2 

- 0. 

.542 

4.12 

X 

10"  s 

988 

2 

7.35 

3.36 

X 

10"  3 

1.38 

X 

10"  2 

8.49 

3 

12.8 

- 1.50 

X 

10“  3 

1.06 

X 

10"2 

- 0.411 

4 

20.3 

- 1.86 

X 

10"  3 

1.20 

X 

10"  2 

- 2.18 

5 

25.8 

- 5.67 

X 

10"  3 

1.43 

X 

10"  2 

- 1.38 

6 

28.8 

3.99 

X 

10"  3 

1.42 

X 

10"2 

- 3.65 

7 

33.9 

9.34 

X 

io- 4 

1.16 

X 

10"  3 

- 2.07 

8 

42.1 

7.20 

X 

10- 4 

1.26 

X 

10"  2 

- 5.92 

IMPEDANCE, 


-3^ 


f 


f 


' 


1 


r 


\ 


FREQUENCY,  GHz 


6 


8 


0 


2 


FREQUENCY,  GHz 

15  CIRCUIT  IMPEDANCE  WITH  THE  SHUNT  CA.AClYuK  INCREASE!  TO  P. 
( DIODE  AREA  = 2 x 10"4  cm2;  ADDED  CAPACITANCE  IN  PARALLE1 . 
DIODE  =0.5  pF) 
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IV.  CONSTRUCTION  AND  TESTING  OF  THE  CIRCUIT 


The  circuit  described  in  Fig.  13  and  Table  6 was  fabricated  as 
a coaxial  stepped  line.  The  shunt  lumped-element  capacitance  was  pro- 
vided by  a ceramic  disk  surrounding  the  diode  package,  as  illustrated 
in  Fig.  16.  By  varying  the  diameter  of  the  metallized  layer  in  contact 
with  the  top  of  the  package,  the  shunt  capacitance  could  be  varied. 
Several  ceramic  disks  with  different  metallization  diameters  were  fab- 
ricated to  provide  the  tuning  capability  illustrated  in  Figs . lU  and  15. 
To  provide  more  flexibility,  the  remaining  seven  section:'  were  fabricated 
separately,  so  that  all  seven  sections  could  sli  de  together  to  form  the 
stepped  line.  Initially  three  different  pieces  of  varying  lengths  were 
made  for  each  step,  with  the  middle-sized  pieces  conforming  to  the 


values  given  in  Table  5-  Thus  the  circuit  can  be  further  tuned  by 
changing  the  lengths  of  the  7 sections  separately. 

Diodes  of  2-pm  epitaxial  width  were  bonded  in  smali  packages 


designed  to  operate  up  to  30  GHz,  so  that  the  parasitic  lead  inductance 
was  reduced  and  the  parasitic  capacitance  increased.  Examination  of 
Fig.  12  shows  that  Im{Z^(jw)}  is  already  more  positive  than  lm{Zg( ) } , 
so  that  the  introduction  of  a parasitic  jwL  component  to  Im{Z  (ju>)} 
will  cause  the  circuit  impedance  to  further  deviate  from  the  desired 
characteristics . 

The  stepped  line  and  shunt  capacitor  just  described  arc  located 
in  the  "iossless  network"  box  of  the  reflection  amplifier  circuit  in 
Fig.  f>.  Since  in  the  design  of  this  network  a 50-il  termination  was 
assumed,  it  is  important,  that  the  circulator  appears  as  SO  Q at  port 
throughout  the  frequency  band.  Unfortunal  ely , cj rculal urs  are  designed 
to  be  matched  over  a one  octave  bandwidth  tit  test  . Thi.  . ugrests 
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that,  if  the  circulator  is  matched  throughout  tne  fur  ranentn..  bar 
then  it  is  not  possible  to  obtain  a match  at  th'  secci  : or  third 
harmonic  except  at  certain  isolated  frequencies  in  th<  band.-  wher- 
the  circulator  impedance  happens  to  fall  near  the  center  of  the  t'mith 
chart . 

Figure  IT  shows  the  input  impedance  at  | "t  2 of  an  .'-band 
circulator  from  2 to  4 GHz,  with  50-ft  terminal  ions  on  port:'  i and  . 
The  best,  match  for  the  fundamental  occurs  at  '.'<4  Gils.  As  Fig.  i 
shows , it  so  happens  that  at  twice  this  frequeno.v  , i.o'5  GHz,  the  cir- 
culator is  also  well  matched.  Therefore  when  ‘ fwti'bevntu i 
frequency  is  close  to  1.94  GHz,  the  circuit,  wi  he  match'  i at 
the  fundamental  and  second  harmonic  although  th.  fan. iw i ■ I t.h  w' 
undoubtedly  be  quit--  small. 

To  alleviate  this  matching  problem,  the  circuit  ''  Fig.  '■  ' aid 

be  modified  as  shown  in  Fig.  19-  Throughout  tin'  fundamental  band,  tin 
highpass  filter  Is  cutoff  and  appears  like  an  upon  circuit;  ther.  've 
the  fundamental  frequency  sees  the  nearly  50-ft  : nput  impedance  at  po-t 
2 of  the  circulator  through  the  lowpass  filter.  Frequencies,  at  the 
s<  • aid  and  third  harmonic  bands  are  blocked  by  the  1 wpuss  filter 
which  is  cutoff  and  appears  as  an  open  circuit  . Thee,  higher  fr<  ? s li- 
cit s are  matched  to  90  ft  through  the  highpass  filter. 

The  coaxial  stepped  line  was  tested  using  the  configu  a I ion 
of  g.  1 , i.e.,  wi  t. hf.it  the  increased  mut.chi  nr  -apal-i  I i t.v  w leh  w.  : 1 : 
be  provided  by  the  circuit  of  Fig.  19.  Man.\  • i i ''oront  comb  i nab  i on. 
of  s.ccti  >ii  leng.ths  anil  ceramic  disk  metal  i sat  i n iiamot  er  were  i - 1 • ••  i 
lull  ue  i t her  amplification  nor  oscillation  was  l-serv-  I for  any 
I i..  e c 'itibi  nat  i ns. 


.. 


■ 


FIG.  18  v.  .tCULATE  IMPEDANCE  AT  PORT  2 IN  THE  SECOND  HARMONIC  BAND 
WITH  PORTS  1 AND  3 TERMINATED  IN  50 


FIG.  19  MODIFIED  REFLECTION  AMPLIFIER  CIRCUIT. 
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To  evaluate  this  problem,  it  was  decided  to  measure  the  impedance 
vs.  frequency  characterisitcs  of  the  stepped  line,  as  determined  by 
looking  back  into  the  circuit  from  the  diode  chip.  This  measurement 
is  difficult  to  make  directly  since  the  diode  is  mounted  at  the  end  of 
the  coaxial  stepped  line  without  any  external  connections;  contact  with 
the  circuit  is  made  on  the  opposite  side  of  the  stepped  sections  where 
the  diode  bias  pulse  is  introduced.  Therefore  it  was  decided  to  use 
a.n  indirect  method  known  as  the  de-embedding  technique  to  measure  the 
coaxial  line  characteristics. 

The  de-embedding  measurement  procedure  may  be  understood  by 

referring  to  Fig.  20.  Port  1 corresponds  to  the  point  where  the  diode 

bias  pulse  is  applied  and  where  measurements  of  reflection  coefficient 

can  be  made,  in  this  case  using  a Hewlett-Packard  Network  Analyzer. 

The  incident  voltage  wave  is  a and  the  reflected  wave  at  port  1 is 

o 

b^.  Port  2 corresponds  to  the  diode  chip  terminals  inside  the  package;  ^ 

a,  is  the  voltage  wave  incident  and  b,  the  wave  reflected  at  port  2. 

1 1 

The  unknown  network  comprises  the  stepped  coaxial  sections  plus  the 
package  and  mounting  parameters;  i.e.,  everything  between  the  bias 
i.-put  at  1 and  the  diode  chip  at  2.  The  objective  is  to  determine  the 
impedance  seen  by  the  diode  chip,  looking  in  at  port  2,  when  the 
intervening  network  is  terminated  at  port  1 with  50  ft  (this  termina- 
tion assumes  that  the  circulator  shown  in  Fig.  6 looks  like  50  ft  at 
input  2).  However,  it  is  possible  only  to  measure  the  reflection 
coefficient  looking  in  at  port  1 and  not  at  port  2.  The  de-embedding 
technique  requires  that  three  measurements  be  made  at  port  1:  T 

mi 

r , and  r . For  each  of  these  measurements  a different  known  ter- 
m?  m3 

m.inating  impedance  is  attached  at  port  2; 

k.  1 


the  measurement 


FIG.  20  ILLUSTRATION  OF  THE  DE-EMBEDDING  MEASURE;  ENT  TECHINQUE; 
S-PARAMETER  METHOD. 
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r . is  taken  with  the  termination  Zm.  attached.  From  Fig.  20,  it  is 
mi  Ti 

seen  that 

b a,  Zm.  - Z 

F = — F = — = — — i = 1 2 3 (15) 

1 mi  a ’ Ti  b.  ZT.  + Z ’ ’ ’ ' ' 

o 1 Ti  o 


The  unknown  network  is  characterized  by  the  equations 


b = S a + S a , 
o oo  o ol  1 


b = S a + S a 
1 ol  o 111 


An  alternative  approach  to  de- embed ding  is  illustrated  in  Fig. 

21,  where  the  unknown  network  is  represented  by  /’.-parameter.' . This 

was  the  first  method  used  in  this  investigation  but  it  was  found  to 

be  inferior  to  the  S-parameter  method.  Although,  the  impedances  (Z  .) 

are  used  in  the  de-embedding  equations  at  port  1,  one  actually  measures 

the  f . 's  as  before,  hence  requiring  the  introduction  of  the  foil  -wing 
mi 


transformation : 


1 + r . 

7 - z ^ 

mi  o 1 - r . 

mi 


It  is  seen  that  if  T . approaches  L,  considerable  numerical  error 

mi 

may  be  introduced  by  this  transformation. 

From  Fig.  20,  it  is  apparent  that 

S2  r 

T = S - ' "■  Tl  , i = 1,2,3  , (18) 

mi  oo  snrTi  * 1 


and  from  Fig.  21 , 


Zml  Z 1 1 ” Z + Z ’ L 1 " ’ ' 
22  Ti 


^mi*  Zm2>  Zm3 
FROM  Tfpi.TfpgtT^j 


FIG.  21  THE  DE-EMBEDDING  MEASUREMENT  TECHNIQUE;  Z-PARAMETER  METHOD. 
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In  Eqs . 18  and  19,  the  T . 's  (and  hence  the  Z . 's)  are  known 

mi  mi 

from  measurement  and  the  fm. 's  and  Zm. 's  are  assumed  Known;  therefore 

Ti  Ti 

the  unknowns  are  the  three  S-parameters  in  Eq.  18  and  the  three 
E-parameters  in  Eq.  19.  Solving  for  these  unknowns  yields 


Pmi  ' FT2  ~ rT3  } + Fm2^rT3  ‘ Tl  ^ * ' rn3U  Ti  1 T2  ' 


1 1 


r r ( r - r 

Tl  mluT2  T3 


+ rT2rm2^T3  “ !T1'  + 1 T3 1 m3  ^ 1 Tl 


’ ) 
T2  ' 


(20) 


°1  irTirT2^ml  rm2^  + rm2ITl  ‘mirT2 


oo 


(r  - r 

uTl  1 T2 


and 


(i  - s rrn.  )(r  . - s ) 
li  Ti  mi  oo 


ol 


r . 

i 


, i = 1,2,3 


for  Eq.  18  and 


' ‘"ml  " Zm3^ZmlZTl  Zm2^T2 


ml 


” 'Jm3Z'L’3‘ 


1 1 


(Zmi  - Zm3)(ZT!  ’ ZT2 } “ (Zml 


S»2)(ZTl  - V 


22 


7,  Zm  - z zm  + z (zm 

m2  T2  ml  Tl  II  V 1 

z - z 

ml  m? 


jT2' 


(21) 


and 


Z12 


= (Z 


1 1 


- z . )(z  + z„. ) 

mi  22  Ti 


i = 1,2,3 


for  Eq.  19* 

Ti  thi3  way  the  S or  Z parameters  of  the  network  intervening 
between  the  measurement  port  and  the  diode  ehi&  were  found.  In  order 
to  obtain  the  three  known  terminating  impedances  u TRAP  ATT  diode 
was  used  which  was  reversed  biased  below  breakdown,  that  it  behaved 


. i 


as  a varactor.  Three  different  bias  voltages  were  used,  for  each  of 
which  the  diode  capacitance  was  known  from  previous  C-V  measurements, 
and  the  diode  series  resistance  was  estimated  based  on  the  doping  pro- 
file. Once  the  ' s (and  f^'s)  were  known,  the  measurement  of 

f . (and  Z . ) at  each  bias  voltage  yielded  sufficient  information  to 
mi  mi 

solve  for  the  S parameters  according  to  Eq.  00,  or  the  Z-parameters 
according  to  Eq.  21.  The  resulting  network  contains  all  elements 
between  the  measurement  port  and  the  diode  chip;  i.e.,  the  bias  T, 
the  stepped  coaxial  sections,  the  ceramic  disk  surround.:  i,g  the  package, 
the  package  parasitics  and  any  other  elem  nts  which  might  be  included 
in  the  circuit. 

After  the  S (or  Z)  parameters  were  obtained,  the  impedance  which 
the  chip  would  see  if  port  1 were  termi  „ed  n 50  ft  (aQ  = 0)  was 
obtained  from 


7 = Z 


1 * SI 
1 - S 


J22  " Zn  + 50  • 


Figure  22  shows  the  first  de-embedding  results  for  the  case  where 

th>  stepped  coaxial  sections  and  the  ceramic  disk  have  been  removed; 

also  a larger  (S-4)  package  was  used.  The  only  element  in  the  coaxial 

line  besides  the  bias  T,  necessary  to  set  the  varactor  bias,  was  a 

small  dielectric  support  to  properly  position  the  center  conductor. 

The  impedance  plotted  is  the  impedance  which  would  be  presented  to  the 

chip  if  the  empty  cavity  were  terminated  in  50  ft.  Z and  Z were 

mi  m2 

sepurate  measurements  performed  on  different  days  to  test  repeatability. 


mm 


IMPEDANCE 


The  Z-parameter  algorithm  corresponding  to  Fig.  21  was  used  for  these 

measurements.  Zm  . is  the  impedance  one  would  expect  to  see  for  the 
lniLUn 

empty  cavity  assuming  the  bias  T is  well  matched;  the  circuit  used  to 

calculate  Z is  shown  in  Fig.  23. 

lnJiUn 

There  is  evidently  considerable  discrepancy  between  measured  and 
theoretical  results  in  Fig.  22.  In  addition,  the  peak-to-peak  varia- 
tion in  measured  data  is  much  greater  than  would  be  expected  for  such 
a simple  circuit.  At  this  point  in  the  investigation,  two  reasons  for 
this  discrepancy  were  proposed.  The  first  was  related  to  the  trans- 
formation of  Eq.  IT.  The  f .'s  are  for  a nearly  lossless  circuit, 

mi 

since  the  only  loss  is  the  diode  resistance  and  the  loss  in  the  empty 
coaxial  line,  and  it  is  precisely  when  |r  | approaches  unity  that  one 
is  likely  to  have  difficulty  with  this  transformation.  The  second 
reason  was  the  error  introduced  by  the  network  analyzer  system. 

To  remedy  the  first  source  of  error,  it  was  decided  to  convert 
to  the  S-parameter  algorithm  so  that  the  transformation  in  Eq.  18  was 
avoided.  As  for  the  second  difficulty,  a network  nalyzer  error 
correction  procedure  was  formulated.  This  correction  procedure  uses 
the  de-embedding  technique  illustrated  in  Fig.  20;  the  S-parameters 
of  the  unknown  network  now  represent  the  errors  introduced  by  the 
network  analyzer,  and  it  is  assumed  that  these  errors  are  adequately 
represented  by  a linear,  reciprocal  two  port.  Fort  2 of  Fig.  20  is 
now  the  physical  point  where  an  unknown  is  connected  for  network 
analyzer  reflection  coefficient  measurement.  Therefore  the  f^'s  are 
the  actual  reflection  coefficients  of  three  known,  standard  termina- 
tions, e.g.,  a short,  open,  and  matched  rj0  jJ  load.  The  reflection 
coefficients  rn^  at  port  1 are  the  readings  displayed  by  the  network 
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analyzer.  In  general  r ^ will  not  be  exactly  equal  to  r^,  because 
the  network  analyzer  introduces  systematic  errors  in  the  measurement 
system.  The  error  correction  procedure  consists  of  obtaining  three 
measurements,  the  F^'s,  corresponding  to  the  three  known  terminations, 
the  rTi's.  Then  Eq.  20  is  used  to  obtain  an  S-parameter  character- 
ization for  the  measurement  errors.  If  the  S-parameters  are  denoted 
0 0 0 

by  S , S , and  S , then  for  any  future  measurement  for  an  unknown 

oo  oi  11 

termination,  T , a corrected  estimate  for  the  actual  reflection 
mu 

coefficient  of  the  unknown  can  be  obtained  by  writing 


T - S 

mu  oo 

(se  )2  + se  (r  - se  ' 

' ol'  if  mu  oo' 


Depending  on  the  accuracy  to  which  the  r standards  are  known, 

and  the  precision  with  which  the  I’  . can  be  read  from  the  network 

mi 

analyzer,  Eq.  23  should  be  capable  of  eliminating  all  linear  errors 
in  the  measurement  system. 

The  measurement  of  the  empty  cavity  with  ti  dielectric  support 
was  repeated,  incorporating  the  S-parameter  algorithm  and  the  error 
correction  procedure;  the  results  are  given  in  Fig.  2b.  It  is  seen 
that  as  a result  of  the  error  correction  the  measured  curves  are  much 
smoother  than  those  of  Fig.  22.  The  agreement  between  measured  and 
theoretical  results  is  reasonable  for  the  imaginary  part,  although  a 
better  circuit  model  is  needed  to  obtain  good  agreement. 

Figure  25  shows  the  measured  and  theoretical  impedance  (with 
error  correction)  for  the  amplifier  circuit,  with  the  seven  stepped 
coaxial  sections  and  the  metallized  ceramic  disk  surrounding  the 


package.  In  this  figure, 


'THEOR 


is  the  impedance  of  the  eight  sections 


MEASURED  AND  THEORETICALLY  EXPECTED  IMPEDANCE  FOR  EMPTY  COAXIAL 


JFIER  CIRCUIT  WITH  ERROR  CORRECTION. 


given  in  Table  5i  terminated  in  50  ft.  The  major  element  that  th.i . 
model  neglects  is  the  bias  T.  It  should  be  noted  that  the  imaginary 


part  of  the  impedance  is  inductive,  whereas  it  was  designed  to  be 
small  and  capacitive  in  this  frequency  range. 


An  effort  was  next  made  to  determine  what  factors  were  over- 
looked in  the  design  and  fabrication  of  the  amplifier  circuit  which 


caused  the  imaginary  part  to  be  much  more  inductive  than  intended. 

It  was  thought  the  explanation  might  be  the  effects  described  recently 
by  Eisenhart.12  He  proposes  that  the  regions  ol'  space  near  the  diode 
package  in  the  coaxial  line  store  electric  and  magnetic  energy  and 
that  these  regions  can  be  accoxmted  for  by  a lumped  L-C  network.  For 


the  geometry  of  the  amplifier  circuit,  this  network  essentially  reduces 
to  a series  inductance.  This  L-C  network  was  incorporated  in  the  cir- 
cuit model.  Also,  the  bias  T was  separately  characterized,  and  tnese 
measurements  were  included,  leading  to  a hybrid  model,  i.e.,  one  which 
includes  both  idealized  theoretical  models  of  circuit  elements  and 
measured  data.  The  7-section  amplifier  impedance  was  measured,  iri 
this  case  with  an  S-L  package  and  without  the  ceramic  disk.  Figure 
2f  shows  the  results  of  these  measurements.  Th<  circuit  motel  used 
in  computing  ZmxJTV,D  in  Fig.  26  is  shown  in  Fig.  7.  Figure  26  shows 
much  better  agreement,  especially  in  the  imaginary  part  of  mpedance, 
supporting  the  conclusion  that  the  Eisenhart  effect  was  the  significant 
element  which  was  not  included  in  the  previous  'ircuit  models. 

In  Fig.  28,  the  measured  impedance  of  the  empty  cavity  already 
plotted  in  Fig.  2k  is  repeated.  However,  Z,..  was  calculated  from 
a circuit  model  which,  in  addition  to  tin  elem<  its  sn  wn  ir  Fig.  .M, 


includes  the  Eisenhart  mounting  parnsitics  n-  i me  i sure : 


AND  WITHOUT  CERAMIC  DISK. 
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characterization  of  the  bias  T.  A substantial  improvement  in  agree- 
ment of  the  resistive  parts  should  be  noted  by  comparing  the  two 
figures . 

Thus  it  appears  that  even  with  the  package  lead  inductance 
minimized,  the  series  inductance  due  to  energy  storage  in  the  regions 
near  the  package,  as  explained  by  Eisenhart,  will  make  it  very  diffi- 
cult to  obtain  the  broad-band  capacitive  impedance  characteristics  of 
Fig.  12  using  a stepped  coaxial  line.  It  should  be  recalled  that, 
even  without  this  series  inductance,  the  coaxial  circuit  optimiza- 
tion program  was  not  s.ble  to  synthesize  the  desi  red  capacitive 

Im{Z  } outside  the  fundamental  band. 

s 

For  the  above  reasons  it  was  decided  that  a different  kind  of 
circuit  from  the  stepped  coaxial  line  already  discussed  should  be 
fabricated  for  optimum  amplifier  performance.  Pa- fore  doing  tnis,  it 
was  decided  to  experimentally  confirm  the  theoretical  amplifier  imped- 
ance requirements  of  Fig.  12  by  operating  an  existing  oscillator  cir- 
cuit as  an  amplifier  and  measuring  the  circuit  impedance  at  the  frequency 
of  amplification. 

An  oscillator  circuit  with  four  tuning  slugs  was  tuned  so  that 
no  output  from  the  diode  was  detected  unless  an  input  signal  at 
approximately  2.2  GHz  and  0.6  Watts  was  present.  With  this  tuning  slug 
configuration  it  was  found  that,  although  the  diode  would  not  operate 
without  an  external  input  signal,  it  was  possible  for  the  generated 
fundamental  diode  signal  to  be  at  a different  frequency  than  the 
input  signal  even  with  the  input  signal  present.  If  the  frequency  of 
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the  following  sequence  of  events  was  observed.  With  the  input 
frequency  below  the  midband  frequency  by  more  than  approximately 
50  MHz,  there  was  no  signal  generated  by  the  diode  except  wideband 
noise  well  below  the  input  level.  As  the  frequency  of  the  input 
signal  was  brought  within  50  MHz  of  the  midband  frequency,  a noticeable 
diode  signal  began  to  appear  at  the  midband  point,  i.e.,  at.  a frequency 
different  from  the  input  frequency.  This  separate  diode  signal  continued 
to  build  up  until  the  input  frequency  came  to  within  .?  MHz  of  midband. 

At  this  point,  the  diode  signal  shifted  over  and  locked  with  the 
input  signal.  The  two  signals  remained  locked  together  for  approximately 
3 MHz.  If  the  input  frequency  was  further  increased,  the  diode  signal 
returned  to  its  midband  frequency  value  and  its  amplitude  decreased 
until  the  input  frequency  was  approximately  50  MHz  above  midband,  at 
which  point  only  low  level  noise  was  detectable  from  the  diode.  At 
any  frequency  within  the  100  MHz  range.  If  the  Input  signal  was  removed, 
the  diode  signal  also  disappeared.  The  midband  gain  observed  for  this 
circuit  configuration  was  8.6  dB. 

The  circuit  is  being  optimized  to  improve  the  amplifier  charac- 
teristics, and  equipment  is  being  set  up  to  measure  the  impedance  vs. 
frequency  characteristics  up  to  the  third  harmonic,  using  the  de-embedding 
method.  Also,  a lumped  element  TRAPATT  oscillator  circuit  operating 
in  the  800  MHz  range  is  being  used  as  an  amplifier,  and  similar 
impedance  vs.  frequency  measurements  are  being  made.  This  data  will  be 
compared  with  the  previously  obtained  theoref i cal  amplifier  impedance, 
and  the  two  sets  of  impedance  data  will  be  used  in  designing  future 


amplifier  circuits. 


V.  CONCLUSION 

A description  has  been  given  of  the  deviee  simulation  computer 
program  which  is  the  basis  of  the  theoretical  results  obtained. 
Different  methods  for  obtaining  solutions  using  this  program  with 
current  drive  and  voltage  drive  have  been  discussed,  and  a particular 
current  drive  yielding  negative  resistance  at  least  up  to  the  thi rd 
harmonic  has  been  presented.  It  was  demonstrated  that  a one  cycle; 
simulation  is  sufficient  to  characterize  the  diode  impedance,  thus 
avoiding  the  time  and  expense  of  obtaining  converged  solutions,  from 
a series  of  diode  simulations  at  different  frequencies,  the  required 
impedance  vs.  frequency  characteristics  for  a broadband  amplifier  was 
presented.  An  optimization  procedure  was  discussed  whereby  the  param- 
eters of  a stepped  coaxial  line  are  adjusted  so  that  the  input 
impedance  approximates  the  required  theoretical  impedance  as  closely 
as  possible.  The  fabrication  of  the  resulting  circuit  was  outlined. 
Impedance  vs.  frequency  measurements  of  the  fabricated  circuit  were 
presented  and  reasons  given  for  discrepancies  between  the  measured 
circuit  impedances  and  the  expected  impedance  based  on  the  original 
circuit  model.  Finally,  experimental  results,  for  an  amplifier  circuit 
were  given  as  well  as  suggestions  for  future  measurements  and 
circuit  fabrication  modifications. 
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